BACKGROUND: Fungicide resistance is a growing problem affecting many crop pathogens owing to the low success rate in finding novel chemical classes of fungicides. Pyridachlometyl is a new fungicide that seems to belong to a new chemical class of tubulin polymerization promoters.
INTRODUCTION
Although social pressure to reduce chemical use in agriculture is strengthening, some scientists believe that intensive farming is the least damaging option for food supply and environmental conservation in terms of effects on wildlife populations and greenhouse gas emissions because attaining a higher yield from the same amount of land reduces the demand for farmland expansion. 1 Agrochemicals are essential to intensive farming practices to protect crops from a number of pests, including fungal diseases, 2,3 but effective disease control has become more difficult because of increasing fungicide resistance. 3, 4 Given this background, a shortage of new fungicides with a novel mechanism of action is a serious concern because in most cases the mechanism of action is related to cross-resistance among fungicides. Fungicides with the same mechanism of action, which act via the same target protein, generally result in cross-resistance because the mutations in target site proteins can impair the binding of fungicides. In recent years, only three classes of fungicides, DMI (sterol C14 demethylation inhibitor in ergosterol biosynthesis), QoI (Qo site of complex III inhibitor in the respiratory chain), and SDHI (succinate dehydrogenase inhibitor in the respiratory chain), have accounted for approximately 60% of the global fungicide market 5 because of their high efficacy and the broad spectrum of these three chemical classes. Frequent usage of these three classes of fungicides has led to the development of resistance in crop pathogens, such as Zymoseptoria tritici, 6, 7 Erysiphe necator, [8] [9] [10] Podosphaera xanthii, 11, 12 Microdochium spp., 13, 14 and Cercospora beticola. 15, 16 As a result, agrochemical research and development seek new chemical classes of fungicides to respond to the needs of crop growers. 5 Despite these efforts, few successful novel fungicides have been developed in the last decade.
Tubulin polymerization promoters stand out as a potential chemical class because they are highly active against various phytopathogenic fungi. [17] [18] [19] [20] [21] This chemical class targets tubulins, which are protein dimers consisting of two closely related 55-KD and subunits ( -and -tubulin, respectively). The polymerization of tubulin into microtubules and also the depolymerization of microtubules into tubulin play a central role in all eukaryotic cells (e.g. in the process of nuclear division). 22, 23 Although some anti-tubulin agents, such as carbendazim, thiabendazole, and diethofencarb ( Fig. 1 ) and their analogs, have been used as agricultural fungicides for years, they are all classified as polymerization inhibitors, which target the colchicine site in -tubulin. 22, 24 On the contrary, the depolymerization of tubulin associated with the hydrolysis of GTP from GDP is also essential for cells. 25 Interestingly, triazolopyrimidine compounds, such as BAS600F ( Fig. 1 ), have been reported as a new type of anti-tubulin agent, which promotes polymerization of tubulin in vitro. 21 Thus, these compounds are expected to inhibit depolymerization of tubulin in vivo; a similar action in cancer cells has been reported for paclitaxel, which is also known to promote polymerization of tubulin in vitro. 23 It has also been shown that triazolopyrimidine compounds bind to the vinblastine site, 26 which is distinct from the colchicine site and is known to be the binding site of Vinka alkaloids such as vincristine. 21, 27 Pyridachlometyl (Fig. 1 ) is a new fungicide characterized by a central pyridazine ring. 28 Considering the partial similarity in chemical structure, pyridachlometyl appears to be a tubulin polymerization promoter, similar to BAS600F. 19 Although the structure-activity relationships of some pyridazine derivatives have been reported, 19 there are no reports specifically on pyridachlometyl, and the antifungal activity of pyridazine derivatives has been demonstrated for only a few fungal species. Therefore, we report details on the activity of pyridachlometyl, with an emphasis on the lack of cross-resistance with existing fungicides. Additionally, this study focuses on the future risk of development of resistance to pyridachlometyl by pathogens.
MATERIALS AND METHODS

Chemical materials
Carbendazim, thiabendazole, diethofencarb, fluxapyroxad, and prothioconazole-desthio were purchased from Sigma-Aldrich Japan (Tokyo, Japan). Pyridachlometyl and BAS600F were synthesized by Sumitomo Chemical, as previously described. 18, 28 For in vitro experiments, chemical compounds were dissolved in dimethyl sulfoxide (DMSO) as stock solutions.
Fungal materials
Z. tritici strains were isolated from the leaves of field crops collected from European countries (single pycnidia isolates). The sampling locations of the isolates are listed in Table S1 . Samples of Z. tritici strains were stored before assaying in 25% glycerol at −80 ∘ C. Other fungal materials used in Table 1 were stored as slant cultures at 12 ∘ C in a collection at Sumitomo Chemical and precultured before assaying, as shown in Table S2 .
Antifungal tests
The antifungal activity of each test compound against each pathogen species was evaluated by either microtiter plate or agar plate fungitoxicity assays under the incubation conditions detailed in Table S2 . The resistance factor (RF) was calculated using the following formula: RF = (EC 50 of resistant strain with a mutation)∕ (EC 50 of wild − type sensitive strain without a mutation).
96-well microtiter plate method
Growth of Z. tritici, Passalora fulva, and Ustilago maydis was evaluated on 96-well microtiter plates. Inoculum of each fungus was harvested at more than 100× density in distilled water and suspended in the appropriate medium at the density shown for each species (Table S2) . A series of dilutions of test compound in DMSO was prepared at 150 times the desired test concentrations of active ingredients for each test (Table S2 ). For example, to obtain the final concentrations of 1, 0.3, and 0.1 mg L −1 , the test compound concentrations 150, 45, and 15 mg L −1 were diluted 150-fold, respectively. One microliter aliquots of each fungicide were mixed with 149 μL of prepared inoculum in media with two replicates for each concentration. After the incubation periods (Table S2) , growth was measured by determining optical density at a wavelength of 600 nm using a microplate reader SH-9000 Lab (Corona Electric, Ibaraki, Japan) with a 3 × 3 matrix of scanning points. Optical density values were corrected against the value of the blank well that had no inoculum. The 50% effective concentrations (EC 50 ) were calculated by probit analysis.
Agar plate method
Except for Z. tritici, P. fulva, and U. maydis, each fungal strain was cultured on agar media amended with a dilution series of fungicides at designated concentrations (Table S2 ). Mean mycelium radial length from two different inoculums in each plate medium was measured at designated periods after inoculation and EC 50 values were calculated by probit analysis.
Generation of fungicide-resistant UV mutants
To generate the fungicide-resistant UV mutants of Z. tritici, the Set1 strain isolated in the 1980s in Japan was used. The yeast-like cells of the parental strain (Set1) on the Malt Yeast Agar (MYA) medium were exposed to UV light at 30 mJ cm −2 , leading to approximately 50% lethality after UV treatment. The yeast-like cells were distributed onto potato dextrose agar (PDA) plates amended with pyridachlometyl at 1.0 mg L −1 or carbendazim at 1.0 mg L −1 . The plates were incubated in wileyonlinelibrary.com/journal/ps the dark at 18 ∘ C for 8 days. Visible colonies were chosen from the primary selection plates and re-grown on another selection plate under the same conditions to harvest for storage. To generate the fungicide-resistant UV mutants of Penicillium digitatum, the PD5 strain isolated in the 1980s in Japan was used. A conidial suspension was prepared at a concentration of 1.0 × 10 8 conidia mL −1 , followed by the addition of 1-methyl-3-nitro-1-nitrosoguanidine (MNNG) at a concentration of 50 mg L −1 . After incubating the suspension at 20 ∘ C for 30 min, it was centrifuged and washed four times with sterilized water. The resulting conidia were spread onto the PDA medium amended with 1 mg L −1 of BAS600F. After 4 days of incubation at 23 ∘ C, visible colonies were chosen from the primary selection plates and re-grown on another selection plate under the same conditions to harvest for storage. The strains of Z. tritici and P. digitatum were stored in 25% glycerol at −80 ∘ C for conducting further assays.
DNA sequencing of tubulin genes
The DNA of each fungus was extracted using PrepMan Ultra Reagent (Applied Biosystems, Waltham, USA) according to the manufacturer's instructions. A trace amount of the yeast-like Z. tritici cells or P. digitatum conidia were picked from a colony on the plate and suspended in 50 μL PrepMan Ultra reagent and incubated at 96 ∘ C for 10 min. After centrifugation at 8500 × g for 2 min, the supernatant was removed and used immediately or stored at −20 ∘ C until use. The amplification of tubulin-subunit encoding genes by PCR reaction was conducted using the Ex Taq Kit (Takara, Kyoto, Japan) with the primer pairs listed in Table S3 . After DNA amplification, PCR products were purified using a Wizard DNA Clean-Up System (Promega Corporation, WI, USA) and then sequenced using an ABI3100 DNA system (Applied Biosystems, CA, USA). Sequences were aligned using GENETYX Ver. 12 software (Genetyx Corporation, Tokyo, Japan).
Model construction
The homology model of Z. tritici tubulin tetramer (two and two subunits) was constructed using the standard settings of the modelling tool in MOE (Molecular Operating Environment, Version 2018.01, Chemical Computing Group Inc., Montreal, Canada). The X-ray structure of the tubulin tetramer from Bos taurus stabilized by triazolopyrimidine (PDB 5NJH) with a resolution of 2.4 Å was chosen as a structural template for the pyridachlometyl-bound model. The overall sequence identity to -tubulin of Z. tritici was 78.4%, whereas that to -tubulin (S221P mutant) was 81.6%. Alignments of amino acid sequences were performed using the BLOSUM62 substitution matrix. The structure was refined and prepared for docking using 'Structure Preparation' and 'Protonate 3D' in MOE. Then, the template docking procedure of MOE was utilized to dock pyridachlometyl to the triazolopyrimidine binding site of this structure. However, the carbendazim-bound model of Z. tritici tubulin tetramer was constructed using the X-ray structure of two -tubulins from Sus barbatus and two -tubulins from Gallus gallus stabilized by nocodazole (PDB 5CA1; resolution 2.4 Å). Carbendazim was docked to the nocodazole binding site in the same way. wileyonlinelibrary.com/journal/ps 
Growth speed (calculation of doubling time)
Mutants of Z. tritici were inoculated in Yeast Bacto Glycerol medium (YBG) liquid medium at a density of 10 4 mL −1 . Growth was measured by optical density after 0, 24, 48, 72, and 96 h of incubation on the rotary shaker at 120 rpm, at a wavelength of 600 nm with a SH-9000 Lab microplate reader (Colona Electric) using a 3 × 3 matrix of scanning points with 16 replicated wells for each mutant. Mean growth (ΔOD) of each well was used for the calculation of the specific growth rate [ (h −1 ) and doubling time, t d (h)]. Specific growth rate was calculated by linear approximation of ΔOD at the log phase (0-96 h for 12 ∘ C, 0-72 h for 18 ∘ C, and 0-72 h for 27 ∘ C) with the least squares method. Under these conditions, the R-squared values of the calculated formula were more than 0.9 for each mutant. Doubling time [t d (h)] was calculated using the formula t d = log e 2/ .
RESULTS AND DISCUSSION
Antifungal spectrum of pyridachlometyl
As shown in Table 1 , all fungal species tested were sensitive to pyridachlometyl (EC 50 < 5 mg L −1 ). A correlation between pyridachlometyl's effectiveness and fungal classification was expected because of the similarity in the primary structure of tubulin proteins, but a relationship was not observed. For example, sensitivity was significantly different between two closely related species, such as Colletotrichum gloeosporioides and C. acutatum, although the primary structures of their tubulin proteins, including the key amino acids at putative binding sites, are almost identical. 29 This difference might be ascribed to the differential expression level of the gene encoding -tubulin rather than the structural difference of tubulin proteins. 29 In C. acutatum, the gene encoding -tubulin was overexpressed in response to benomyl, a profungicide of carbendazim, and was mediated by a transcription factor-like protein containing a leucine-zipper motif. 29 Furthermore, the tubulin gene copy numbers were different across species of fungi. 30 For example, Fusarium graminearum, which was less sensitive to pyridachlometyl, is known to possess two divergent -tubulin-encoding genes exhibiting 76.6% similarity in their putative amino acid sequences. 30 Such redundancy of tubulin genes might also be related to the varying sensitivity of each species to pyridachlometyl.
Activity of pyridachlometyl to Zymoseptoria tritici field strains
The Z. tritici strains isolated in 2017 from Germany, UK, and Ireland were subjected to the pyridachlometyl sensitivity test. In this test, two commercial fungicides, SDHI fungicide fluxapyroxad and DMI fungicide prothioconazole (desthio form), were included as reference fungicides because they are frequently used in these countries. Table 2 shows the EC 50 values of some strains with varying degrees of sensitivity to fluxapyroxad or prothioconazole-desthio. However, they did not exhibit cross-resistance to pyridachlometyl. Additionally, the majority of these strains were highly resistant to carbendazim (EC 50 > 10 mg L −1 ; data not shown). The high frequency of carbendazim-resistant strains could be explained by the historic use of carbendazim to control Z. tritici as well as by the current use of thiophanate-methyl (a profungicide of carbendazim) to control wheat head blight. 31, 32 We confirmed that such carbendazim-insensitive field strains are sensitive to pyridachlometyl.
The ranges of EC 50 distribution were 0.0034-0.18 mg L −1 for pyridachlometyl, 0.0043 to >10 mg L −1 for fluxapyroxad, and 0.0039-1.0 mg L −1 for the prothioconazole-desthio (Fig. 2) . A wide range of distributions was observed for fluxapyroxad (CV = 2.2) and prothioconazole-desthio (CV = 1.1) because of the sensitivity shift primarily conferred by mutations in the target gene. 6, 7 In contrast, the range for pyridachlometyl was considerably smaller (CV = 0.60).
Laboratory mutants selected by carbendazim and pyridachlometyl
Selection pressure was applied with 1 mg L −1 carbendazim or 1 mg L −1 pyridachlometyl, which produced seven and 17 resistant mutants, respectively ( Table 3 ). All seven mutants selected by carbendazim had a point mutation in -tubulin (E198G for two mutants, compound mutations of Q134K with F265 L for two mutants, and E198D, E198A, and F200Y for one mutant, respectively). All mutants showed cross-resistance to thiabendazole (Table S4 ). Among them, only mutants harboring E198G or E198A were sensitive to diethofencarb, as previously reported, 22 whereas all mutants selected by carbendazim were fully sensitive to pyridachlometyl. Among the mutations that may confer resistance to carbendazim, the amino acids E198, F200Y, and Q134 are likely to be involved in the interaction between carbendazim and -tubulin because their three-dimensional positions are very close to each other. 33 Their position is often cited as the colchicine binding site, which is a pocket for the binding to tubulin of small molecules, such as colchicine, lexibulin, plinabulin, tivantinib, as well as nocodazole, an analogue of carbendazim. 22, 24 In contrast, the 16 mutants selected by pyridachlometyl were sensitive to carbendazim, except for one mutant that did not grow on the medium without 1 mg L −1 pyridachlometyl and could not be subjected to the further experiments (Table S4 ). Twelve of the 17 mutants had a mutation in -tubulin (Y222N for nine mutants, Y222S for two mutants, and N219 for one mutant). These positions are far from the colchicine binding site but are included in another pocket for the binding of small molecules to tubulin, which is often called a vinblastine-binding site 23, 25 to which triazolopyrimidines are also reported to bind 21, 27 (Fig. 3(a) ). The other five did not possess mutations in -tubulin, but rather point mutations in the -tubulin (P325T for two mutants, P325H for one mutant, P325S for one mutant, and I355F for one mutant, which did not grow on the medium without pyridachlometyl). The proline at 325 and the isoleucine at 355 of -tubulin were also reported to mediate the binding of triazolopyrimidines to tubulins in a previous study. 26 There has been no report that mutation in -tubulin can confer resistance to fungicides as all commercial fungicides, including Oomyceticides, are assumed to bind to the colchicine binding site in -tubulin. 22 On the contrary, for agrochemicals, tubulin disrupting agents are not only used as fungicides but also as herbicides. Among these herbicides, the binding pocket of carbamates, such as chlorpropham, and benzamides, such as pronamide, are assumed to be the colchicine binding site in -tubulin. 22 However, dinitroanilines, such as oryzalin, trifluralin, and pendimethalin, have been reported to bind to -tubulin. [34] [35] [36] Their binding site has been investigated mainly using protozoan organisms. [34] [35] [36] In these reports, L136F, S165T, T239I, R243C/K/M/S, V/I252L, and M301T were shown to confer resistance to oryzalin. [34] [35] [36] These amino acid positions are located near the interface between -tubulin and -tubulin forming the dimer. 36 In contrast, P325 and I355 of -tubulin are located on the other side of -tubulin near the interface between the two dimers. 26 Therefore, the binding pocket for triazolopyrimidines and pyridachlometyl is also likely different from that of dinitroanilines. All 16 mutants selected by pyridachlometyl showed cross-resistance to BAS600F, although the RF for BAS600F was small for two mutants that had the P325T mutation in the Pest Manag Sci 2020; 76: 1393-1401 © 2019 The Authors.
wileyonlinelibrary.com/journal/ps -tubulin. Among positions in which a single amino acid substitution was observed, our homology model predicted that the amino acid Y222 in -tubulin was likely involved in the -stacking with the pyridazine ring of pyridachlometyl, as well as the guanine nucleobase of the GDP nucleotide by the aromatic ring of its side chain (Figs 3(b) ,(c)). Additionally, this Y222 seems to form a hydrogen bond with the nitrogen atom of the pyridazine ring by its main chain NH group. S221P observed in the mutant of another fungal species, P. digitatum selected by BAS600F (Table 4) , will likely interfere with the hydrogen bond between the main chain of Y222 and the pyridazine ring. The role of Y208 for which the Y208S mutation was observed in another mutant of P. digitatum is interesting because this mutant showed hypersensitivity to pyridachlomethyl while showing resistance to BAS600F (Table 4 ). Using the homology modeling, Y208 seems to mediatestacking with the 4-phenyl ring of pyridachlometyl, and also the -alkyl interaction with the chlorine atom of the pyridazine ring near its aromatic ring of the side chain. On the contrary, P325 in -tubulin may be involved in the hydrophobic interaction with the pyridazine ring of pyridachlometyl and its side chain and also in the interaction with the fluorine atom on the 4-phenyl ring of pyridachlometyl.
Amino acid alignments of tubulin at the positions of mutation
We observed that some mutations in tubulin can confer resistance to pyridachlometyl. However, past studies indicate that mutations observed in laboratory mutants do not always occur in field mutants. 37 One reason for this may be the importance of the original amino acid in the intrinsic function of the target proteins. Therefore, we checked the conservation of tubulin primary structures at the positions in which mutations were observed in the laboratory mutants of Z. tritici and P. digitatum. As a result, we confirmed the tyrosine at 222 of the -tubulin Table S5. wileyonlinelibrary.com/journal/ps was highly conserved across all organisms, this tyrosine is replaced with phenylalanine in plants ( Fig. 4) , indicating the importance of the aromatic ring of the amino acid side chain in this position. Piedra et al. explained the importance of this tyrosine in shielding the guanosine from polymerization contacts by stacking on top of it. 38 Additionally, 100% conservation of the proline at 325 of -tubulin was confirmed. The change in this amino acid is reported to cause abnormal microtubule arrays and result in helical growth in Arabidopsis thaliana. 39 It was also reported that this proline is involved in longitudinal contact in the tubulin protofilament, as well as T221 in -tubulin of mammals, 40 which is orthologous to N/Q/A219 in fungi (Fig. 4) . The S5 mutant of Z. tritici selected by pyridachlometyl harbored the N219K mutation at this position in -tubulin and showed relatively lower RF than other mutants (Table S4 ). As additional variation across different organisms is allowed for this position (Fig. 4) , future resistant strains to pyridachlometyl in the field may occur in the form of strains that have a mutation at this position. From another point of view, the amino acid variation in this position may explain the selectivity of pyridachlometyl between fungi, plants, and mammals.
In vitro analysis of fitness cost by each mutation
We tested the speed of growth in three different temperatures versus that of the wild type because some mutations in -tubulin were reported to confer negative effects on the growth of fungi at high temperature. 41, 42 No difference was observed in their multiplication speed in liquid medium at all three temperatures, even though most of them had a mutation in tubulin at the positions for which original amino acids are highly conserved and thus original amino acids should be important for the intrinsic function of tubulin (Table 5 ). Although some of these showed slightly reduced multiplying speeds, the difference from that of the wild type was less than 15% in any case and no correlation with types of mutations was observed. That is, the S15 mutant showed slightly reduced multiplying speed as compared with the parental strain at 18 ∘ C, but the S8 mutant, which possesses the same mutation, showed a slight increase in multiplying speed compared with that of the parental strain. In filamentous fungi, tubulin is known to be essential for polarized growth, such that the mutants may show abnormal growth in the filamentous phase in planta, although Z. tritici multiply in liquid culture as yeast-like blastospores. 43 As previously mentioned, Hawking et al. discussed that mutations observed in laboratory mutants do not always occur in the field. 37 In fact, two mutation types obtained as carbendazim-resistant mutants in our study (compound mutation of Q134K with F265L and single mutation E198D) were not reported in field isolates of plant pathogens. 22, 37 Although we could not find a deficiency in growth or pathogenicity of mutants selected by pyridachlometyl, it is not certain if resistant strains with mutations observed in this study will emerge after future adoption of pyridachlometyl in commercial fields. However, it would be better to assume that the risk of resistance exists for pyridachlometyl and to have a concrete strategy to control the risk of resistance development should it be established.
CONCLUSION
Pyridachlometyl is a new tool to control crop pathogenic fungi that have developed resistance to the existing mode of action. Our experiments demonstrated a broad spectrum of fungicidal activity for pyridachlometyl and also an absence of cross-resistance between other major agricultural fungicides. The target site of pyridachlometyl is likely to be orthologous to the target site of triazolopyrimidines in mammalian tubulins. This target pocket between -and -tubulin is clearly distinct from that of the known tubulin-disrupting fungicide carbendazim. Some patterns of artificial mutation in tubulin were indicated and could be able to confer resistance to pyridachlometyl. Their relevance and the risk for emergence as field-resistant mutants in the future should be further investigated.
